Background-Matrix metalloproteinase (MMP) expression is related to blood brain barrier disruption after cerebral ischemia. Moreover, MMP inhibitors reduce hemorrhagic transformation (HT) after embolic ischemia in tissue plasminogen activator (t-PA)-treated animals. We aimed to correlate plasmatic MMP levels with the appearance of intracranial bleeding complications in stroke patients treated with t-PA. Methods and Results-Serial MMP-2 and MMP-9 determinations were performed (ELISA, ng/mL) in 41 strokes involving the middle cerebral artery territory in patients who received t-PA within 3 hours of stroke onset. Blood samples were obtained at baseline (pretreatment) and at 12 and 24 hours after symptom onset. 
T he trial conducted by the National Institutes of Neurological Disorders (NINDS) demonstrated a beneficial effect of intravenous tissue plasminogen activator (t-PA) when given Ͻ3 hours after symptom onset of ischemic stroke. 1 However, the beneficial effect obtained by thrombolysis-induced recanalization may be decreased by the risk of hemorrhagic transformation (HT). Therefore, it is critical to identify the underlying mechanisms of this complication to improve the safety profile of thrombolytic agents for stroke treatment.
Matrix metalloproteinases (MMPs) are a family of zincbinding proteolytic enzymes that normally remodel the extracellular matrix (ECM). 2 MMP-2 and MMP-9 specifically attack type IV collagen, laminin, and fibronectin, which are the major components of the basal lamina around cerebral blood vessels. 3 In animal models of cerebral ischemia, expression of these MMPs was significantly increased and related to blood brain barrier (BBB) disruption, edema formation, and HT. 4, 5 Recently, MMP inhibition has been demonstrated to reduce the presence and extent of hemorrhagic complications in t-PA-treated animals with the use of an embolic ischemia model. 6, 7 In contrast to the evidence implicating MMPs in thrombolysis-related hemorrhage in animals, no data are available for humans receiving t-PA after an ischemic stroke. We hypothesize that after degradation of BBB by MMPs, t-PA induced reperfusion may generate blood elements extravasation leading to severe HT.
Methods

Study Population
Patients with an acute stroke admitted to the emergency department of a University Hospital were prospectively studied. Our target group consisted of patients who had had an acute ischemic stroke and were admitted within the first 3 hours after symptom onset. A total of 146 consecutive patients with a nonlacunar stroke involving the vascular territory of the middle cerebral artery (MCA) were evaluated. Of these, 138 (94.5%) underwent urgent carotid ultrasound and transcranial Doppler (TCD) examinations. Ninety-eight (71%) patients had a documented MCA occlusion on TCD. Of these, 45 (45.9%) patients with a cardioembolic stroke received t-PA in a standard 0.9-mg/kg dose (10% bolus, 90% continuous infusion during 1 hour) Ͻ3 hours after symptom onset. We excluded patients with a known inflammatory or malignant disease. Finally, 41 patients who had had an acute cardioembolic stroke in the MCA territory who received t-PA Ͻ3 hours after symptom onset were included in the final analysis.
Clinical Protocol
A detailed history of vascular risk factors was obtained from each patient. To identify potential mechanism of cerebral infarction, a set of diagnostic tests was performed that included ECG, chest radiography, carotid ultrasonography, complete blood count, and leukocyte differential and blood biochemistry in all patients; when indicated, some patients also underwent special coagulation tests, transthoracic echocardiography, and Holter monitoring. With this information, as well as the neuroimaging data, previously defined etiologic subgroups were determined. 8 Most of the recruited patients (85%) had a cardioembolic stroke due to an atrial fibrillation. Clinical examination was performed on admission and at 12, 24, and 48 hours from symptom onset. Stroke severity was assessed with the National Institutes of Health Stroke Scale (NIHSS). We defined neurological improvement as a decrease in the stroke score by Ն4 points and neurological deterioration as either death or an increase in score by Ն4 points at 48 hours. 9 Intravenous heparin was not administered during the study period. This study was approved by the Ethics Committee of the hospital, and all patients or relatives gave informed consent.
Computed Tomography
On admission, all patients underwent a CT within the first 3 hours of stroke onset, which was repeated after 48 hours (or earlier when rapid neurological deterioration occurred) to evaluate the presence of HT.
CT scans were reviewed by a neuroradiologist with extensive experience in acute stroke who was blinded to clinical details and MMP results. Presence and type of HT were defined according to previously published criteria. 10, 11 Hemorrhagic infarction (HI) was defined as a petechial infarction without space-occupying effect, and parenchymal hematoma (PH) was defined as hemorrhage with mass effect. For statistical analysis, both subtypes of HI and PH were considered together (HI-1, small petechiae along the margins of the infarct; HI-2, more confluent petechiae within the infarcted area; PH-1, when hematoma involved Յ30% of the infarcted area with some slight space-occupying effect; and PH-2, when hematoma involved Ͼ30% of the infarcted area with substantial mass effect, or clot remote to the infarcted area). Symptomatic intracranial hemorrhage was defined as blood at any site in the brain on the CT scan and documentation of neurological deterioration.
The presence of hyperdense MCA sign, early focal hypodensity, or swelling as a result of developing infarction on baseline CT was assessed according to ECASS criteria. 10, 12 No patient with a hypodensity involving Ͼ33% of the MCA territory received t-PA in this study.
MMP-2 and MMP-9 Immunoassays
Peripheral blood samples were drawn from each patient at study entry (before t-PA administration) and at 12 and 24 hours from stroke onset. EDTA tubes were used to collect the blood. Plasma was immediately separated by centrifugation at 3000 rpm for 15 minutes and stored at -80°C. MMP-2 and MMP-9 levels were determined in duplicate by commercially available enzyme-linked immunosorbent assay (ELISA, Biotrak Amersham Pharmacia) and the mean value of both determinations was used. All ELISAs were performed according to the manufacturer's instructions. Our laboratory reference ranges for healthy controls were: 41Ϯ27.8 ng/mL for MMP-9 (nϭ62, 58% males, mean age 43 years, normal range Ͻ97 ng/mL) and 630.8Ϯ101.8 ng/mL for MMP-2 (nϭ40, 47% males, mean age 43 years, normal range 427 to 835 ng/mL). The mean intra-assay coefficients of variation were Ͻ10% for both MMPs.
Statistical Analyses
Descriptive and frequency statistical analysis were obtained and comparisons were made by use of the SPSS statistical package, version 9.0. Statistical significance for intergroup differences was assessed by the Fisher's exact test for categorical variables and the Student's t test and ANOVA for continuous variables. MMP values were normally distributed (Kolmogorov-Smirnov and P-P plot). Baseline MMP or mean MMP levels (mean value of the 3 timepoints) were used for different analyses. When indicated, MannWhitney U and Pearson tests were used. To calculate the sensitivity and specificity for MMP values to predict HT, a receiver operator characteristic curve was configured. A logistic regression analysis was performed to determine factors that could be considered independent predictors of HT subtypes. A probability value Ͻ0.05 was considered statistically significant.
Results
We included in the study 41 patients (61% women) with an acute cardioembolic stroke in the MCA territory. Mean age was 70Ϯ10.6 years (range 41 to 86 years). A total of 68.4% of patients were hypertensive, 24.3% were dyslipemic, and 23.7% had a history of diabetes mellitus. NIHSS score of the series on admission was 16 (range 7 to 22). Baseline TCD detected a proximal MCA occlusion in 65.9% and a distal occlusion in 34.1% of the patients.
The temporal profile of MMP-9 and MMP-2 after stroke is shown in Figure 1 . The highest level of both MMPs was found within 3 hours, at the pretreatment baseline determination, and both peaks (MMP-9ϭ135.4Ϯ122.8 ng/mL and MMP-2ϭ1021.7Ϯ326.9 ng/mL) exceeded the normality interval of our laboratory for healthy controls. No differences in baseline MMP-2 or MMP-9 levels existed regarding age, sex, or early signs of infarction on CT. A positive correlation was found between mean MMP-9 and glucose levels at arrival (rϭ0.34, Pϭ0.03). Among cardiovascular risk factors, only patients with diabetes had significantly higher baseline levels of MMP-9 (225.8Ϯ144.3 ng/mL versus 112.4Ϯ112.3 ng/mL; Pϭ0.03).
HT was present in 15 (36.5%) patients (10 [24.4%] HI and 5 [12. 1%] PH). Of the 10 patients with an HI, 3 were HI-1 and 7 were HI-2. Among the 5 PH patients, 2 were PH-1 and 3 were PH-2.
Mean MMP-9 and MMP-2 levels did not differ in terms of the presence or absence of HT considered globally (118.3 ng/mL versus 104.1 ng/mL, Pϭ0.58 for mean MMP-9; 893.7 ng/mL versus 929.0 ng/mL, Pϭ0.67 for mean MMP-2). MMP-2 values were unrelated to any subtype of HT. In contrast, a significantly increased baseline MMP-9 expression was found among patients who later on develop a PH (Figure 2 ). The highest baseline MMP-9 level was found in patients with an ulterior PH and the lowest baseline MMP-9 level in those with a HI (PH: 270.2Ϯ87.8 ng/mL, non-HT: 126.3Ϯ127.5 ng/mL and HI: 94.6Ϯ88.7 ng/mL; Pϭ0.047). Similar results (Pϭ0.002) were found for mean values of MMP-9 during the study period: high values appeared in patients with PH (214.0Ϯ83.4 ng/mL), intermediate levels in patients without HT (104.1Ϯ69.2 ng/mL), and low levels in patients with HI (70.5Ϯ57.2 ng/mL). Temporal profile of MMP-9 according to HT subtypes is shown in Figure 3 .
A graded response was found between baseline MMP-9 levels and the degree of bleeding on CT (Figure 4) . We observed very low mean baseline MMP-9 levels in the HI-1 group (37.4 ng/mL), higher but almost normal values in the HI-2 group (111.0 ng/mL), abnormally higher in the PH-1 group (202.5 ng/mL), and extremely high levels in the PH-2 group (337.8 ng/mL). A cut point for MMP-9 of 191.3 ng/mL had a sensitivity of 100% and a specificity of 78% to detect the presence of PH with a positive predictive value of 67% and a negative predictive value of 100%.
Main baseline characteristics of patients with and without PH are shown in Table 1 . Among demographic data and cardiovascular risk factor profiles, only dyslipemia was different between patients with or without PH (80% versus 16.7%, Pϭ0.009). Taking into account neurological, neuroimaging, and hemodynamic information, no significant differences were found between both groups of patients. Among analytic data, only MMP-9 levels were different (270.2 ng/mL for patients with PH versus 116.1 ng/mL for patients without PH, Pϭ0.01). Baseline MMP-9 levels OR 9.62 (1.31 to 70.26; Pϭ0.025) remained as the main independent predictor of PH in the multiple logistic regression model (Table 2) .
Clinical assessment revealed that 7 (17%) patients worsened, 25 (61%) improved, and 9 (22%) remained stable during the first 48 hours after admission. Among patients with an HT, those with a PH worsened (4 cases, 80%) in a significantly greater proportion (PϽ0.001) than those with HI (0 cases, 0%) who had a very good outcome (90% improved). As expected, a higher baseline MMP-9 level was observed in patients with symptomatic hemorrhages (289.0 ng/mL) compared with patients with nonsymptomatic hemorrhages or without HT (119.5 ng/mL, Pϭ0.020). Again the only variable related to symptomatic hemorrhages apart from very high Patients with an HI showed most of the MMP-9 determinations to be within the normal range (Ͻ97 ng/mL). In contrast, most of the MMP-9 determinations are above normal levels for PH patients. A pretreatment peak value preceding these severe hemorrhages was found (MMP-9ϭ250.6 ng/mL). levels of baseline MMP-9 was the presence of dyslipemia (Table 1 ).
Discussion
This study shows for the first time that a biological marker (plasmatic MMP-9) measured before the administration of thrombolytic therapy in acute stroke patients accurately predicts intracerebral hemorrhage, the most feared complication and safety concern of this treatment.
MMP-9 Association With Parenchymal and Symptomatic Hemorrhages
Different definitions of HTs have been used in the large stroke t-PA trials. 1, 10 Using both clinical and radiological classifications, we have demonstrated the accuracy of MMP-9 pretreatment levels to predict severe large intracranial bleedings.
It has been demonstrated that only PH-2 increases the risk of early clinical deterioration; in contrast, other types of HT, particularly HI-1 and HI-2, were not associated with clinical deterioration. 13 Similar results are found in our series: baseline MMP-9 levels were very low in patients who later displayed an HI, most of whom improved, and very high MMP-9 baseline levels were found in PH patients, most of whom worsened or died.
Until now only clinical or radiological parameters such as age, the severity of neurological deficit, or the extent of initial hypodensity on baseline CT scan have been associated with the occurrence of a PH. 14,15 PH-2 occurs more frequently in patients with hypodensity Ͼ33% on early CT, 13 but patients with such hypodensities were excluded in our study. MMP-9 findings may thus be considered very useful, especially in a subset of patients without CT protocol violations in which almost no data may predict PH appearance. In addition, MMP-9 is potentially modifiable in contrast to other HT risk factors.
MMP-9 Effects in t-PA-Induced Hemorrhages
The precise mechanisms that underlie this negative effect of t-PA remain unclear, but they seem related to the severity of the ischemic insult as well as to the timing of t-PA-induced reperfusion. Previous results of our group support these hypotheses and stress the deleterious role of MMPs in acute stroke. We have demonstrated that delayed t-PA-induced recanalization is related to PH 16 and that a time-occlusion dependence exists for MMPs release. 17 The high baseline peak of MMP-9 in PH patients may be responsible for the disruption of some components of the BBB. After experimental MCA occlusion, a gradual loss of laminin-1, laminin-5, fibronectin, and collagen IV antigens within the basal lamina occurs. 18 A significant correlation between the development of HT and the regional loss of basal lamina after MCA occlusion has been demonstrated. 19 MMPs released from vascular endothelium and leukocytes, during the inflammatory phase of stroke, employ collagen IV and laminin as substrates. 20 Leukocyte plugging in microvessels of brain tissue was more frequent in hemorrhagic infarcts 21 and in t-PA-treated animals that develop HT. 22 It is known that neutrophils utilize MMPs for their migration. 23 After intracerebral injection of MMP-2, brain regions displayed necrosis, hemorrhage, and migration of blood cells to the site of the injury. 24 However, in our study, MMP-2 although elevated, was unrelated to HT and other studies did not find constitutive expressed MMP-2 to increase the risk of HT. 5 In non-t-PA-treated patients, the presence of a peak of MMP-9 before the appearance of a symptomatic HT has been previously reported, 25 which may indicate that MMP-9 itself may be responsible for some bleedings. t-PA may contribute to increase the overall rate and extension of this complication by several mechanisms. Firstly, t-PA facilitates the activation of MMPs and secondly, t-PA-induced sudden clot lysis with abrupt reperfusion may promote bleedings in the areas in which MMP-9 has already disrupted the BBB. As plasmin is involved in the cascade that processes pro-MMP-9 to the active form, 26, 27 the administration of t-PA may activate and promote the destructive potential of this enzyme. This hypothesis explains the reduction of t-PA-induced hemorrhages after administering an MMP inhibitor (BB-94) in a rabbit cardioembolic stroke model. 6 A recent report demonstrates that BB-94 also reduces the extension of these bleedings. 7 In the present study, a positive graded response exists between MMP-9 production and the degree and extension of brain bleedings.
MMP-9 Relationship to Other Factors Related With t-PA-Induced HT
Several conditions, such as hypertension, diabetes, and dyslipemia, target the microvasculature and may contribute to loss of microvascular integrity, facilitating t-PA MMP-induced rupture. An increased risk of HT among t-PA-treated patients with a history of diabetes mellitus 28 has been recently reported and supports previous findings in which high glucose levels heralded HT after thrombolysis. 29 In our patients, a positive glucose-MMP-9 correlation exists, and patients with diabetes have higher MMP-9 levels. Interestingly, connections between glucose metabolism and metalloproteinases have been recently reported. Hyperglycemia enhances MMP-9 expression and activity in endothelial cells 30 and increases MMP-9 production in astrocytes. 31 Because MMP-9 promoter region contains nuclear factor-␤ and activator protein-1, which are redox sensitive, a potential mechanism by which glucose-induced oxidative stress may regulate MMP-9 transcription and activity has been suggested.
Study Limitations
We have used an immunoassay that detects mainly proforms of metalloproteinases. With the same approach, an increased latent MMP-9 in baboons with HT was found. 5 However, in a future study in humans, MMP activity methods should be conducted to demonstrate if t-PA is responsible for the activation of these proteases. 7 Finally, in this report we have a small number of patients with PH, thereafter the results of this study should be interpreted with caution although our data clearly parallel findings obtained in several animal studies.
In conclusion, our results demonstrate that MMP-9 level is a strong predictor of occurrence of parenchymal and symptomatic hemorrhages after t-PA and therefore we suggest that the determination of MMP-9 may help the physician to estimate the risk of thrombolysis and decide whether an individual can be safely treated. Presently, the therapeutic time window is narrow but in the future, the administration of t-PA in combination with an MMP inhibitor to stroke patients beyond 3 hours might reduce the likelihood of HT and could provide further therapeutic benefit. Measurement of the plasma level of MMP-9 in order to identify patients at higher risk of symptomatic bleedings seems promising, and its potential usefulness could be tested in a prospective way if a rapid test for MMP-9 was developed. 
